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Employing computer simulation techniques several studies of the relaxation of atoms in 
coincidence type grain boundaries have been performed in recent years. Often it is difficult to 
obtain a clear representation of the relaxed boundary structure, especially in the case of small 
atomic displacements. In this paper a method of representing the relaxed grain boundary structure 
is described using a Fourier analysis of the atomic configuration after relaxation. Computer 
experiments were carried out on X= 19, 46.8”/[111] in Al. Next, results obtained from computer 
experiments dealing with the interaction between He and a tilt grain boundary in MO are 
presented. Direct motivation for this study stems from the transmission electron microscopic 
observation of helium trapping at a set of [lOO] edge dislocations defining a low angle tilt boundary 
in MO. 
1. Introduction 
A realistic description of the atomic configuration in the vicinity of grain 
boundaries is essential for an understanding of fracture, corrosion and creep of 
polycrystalline materials. In contrast to dislocations, grain boundaries do not 
possess a long-range stress field. As a consequence, their effects on materials 
behaviour are determined by their local atomic configuration. 
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Over the past decades, grain boundary structures have been investigated, 
with increasing frequency, using computer simulation techniques. Since im- 
portant aspects of grain boundary behaviour usually are complex phenomena, 
which tend to be resistant to analytical treatment and definitive study by 
laboratory experimental means, computer simulations have become very useful 
in understanding some of the basic concepts. 
Comparing the computational results with experimental data is often a 
difficult task because the “core” regions of grain boundaries where fracture 
takes place cannot reliably be investigated experimentally. In the investigation, 
described in what follows, this problem is solved by carrying the detailed 
atomic calculations of grain boundary structures to the point where they 
quantitatively predict physical processes. When a specific problem motivated 
the computer experiment, a comparison with macroscopic experimental results 
is sometimes possible. Computational results are presented of tilt as well as of 
twist boundaries. The underlying experiments are helium trapping at a low 
angle tilt boundary in MO observed by TEM [l] and the bicrystal symmetry 
determination using convergent-beam electron diffraction [2], respectively. 
In section 2.1 the results obtained from computer experiments dealing with 
the interaction between He and a tilt grain boundary in MO are presented. In 
particular, computer simulation studies on the behaviour of He in metals in 
general have been useful and illuminating at least in a qualitative sense, for the 
development and description of nuclear reactor materials. In future reactors 
the production in abundance of vacancies and interstitials by the collision of 
energetic neutrons with lattice atoms will cause severe radiation damage. Due 
to the presence of helium atoms, three-dimensional clustering of vacancies will 
occur leading to the formation of voids and bubbles and consequently to 
swelling embrittlement of the metal. 
Further, in recent years several studies of the relaxation of atoms in 
coincidence-type grain boundaries have been carried out in particular. For a 
review reference is made to ref. [3]. The type of relaxation in those grain 
boundaries is usually distinguished in: (i) a contribution from a rigid transla- 
tion of the crystals with respect to each other and (ii) local shuffling of atoms 
in the boundary area in order to obtain a minimum energy configuration. 
These two modes are in fact coupled. 
In addition to those shuffles, an appreciable rigid translation occurring 
away from the coincidence positions of the atoms has been found frequently. 
Although the translation symmetry is preserved, such relaxation processes alter 
generally the point symmetry of the bicrystal [4]. Since it is often difficult to 
obtain a clear representation of a relaxed coincidence type grain boundary, 
especially when small displacements are involved, the use of Fourier analysis in 
the representation of computed grain boundary structures is proposed [5] in 
section 2.2. 
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2. Computational methods and results 
2.1. Interaction between He and a tilt boundary in MO 
Direct motivation for a computer simulation study stems from the experi- 
mentai evidence of helium trapping at a set of b = [lOO] edge dislocations 
defining a low angle tilt boundary in MO [l]. The low angle boundary (misfit 
angle = 0.2”) was found during a transmission electron microscopy study of a 
MO specimen which has been irradiated with a dose of lo*’ (100 eV) He+ 
ions/m’ at 25°C. After irradiation each of the [loo] edge dislocations, which 
were perpendicular to the (011) specimen surface, were found to have an 
attached ribbon shaped cavity. Briefly, it was found that the helium clustered 
as platelets, or discs, of gas on (011 } planes rather than as spherical bubbles. 
Atomistic calculations were carried out in order to examine the binding 
energies of helium atoms at the [loo] dislocation and the minimum energy 
configuration of the helium clusters as further helium was added. As a 
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Fig. 1. Atomic configuration of a [lOO] grain boundary dislocation containing column-way stacked 
He. (One (110) plane is shown.) 
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Fig. 2. Atomic configuration of two i (111) grain boundary dislocations containing a He bubble. 
The model consisted of approximately 4000 atoms arranged in a bee crystal 
lattice containing a low angle ( = 2.1’) grain boundary. The method of calculat- 
ing the “equilibrium” grain boundary structure essentially uses a procedure for 
numerical integration of the equations of motion resulting from Newtonian 
mechanics. The atoms are released from an arbitrary, non-overlapping config- 
uration within that computational block either from rest or with a random 
distribution of velocities. Further, it is assumed that they will relax to their 
final positions under the influence of the pair-wise forces which the atoms 
exert on each other as a result of the assumed empirical interaction potential 
[6]. Displacements both parallel and perpendicular to the boundary are al- 
lowed but the total volume of the crystal is kept constant. This is consistent 
with the assumption that the interaction is described by central forces only; 
otherwise the volume dependence of the energy would have to be considered. 
For the low angle grain boundary under investigation the simulated part of 
the crystal consisted of six (110) lattice planes in the z-direction (II tilt axis). 
Periodic boundary conditions were applied in the x-direction [Oil] and in the 
z-direction [Oil]. Fixed boundary conditions were applied in the /loo] y-direc- 
tion (pe~endicu~ar to the grain boundary) in the sense that on the top and 
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Fig. 3. Equipotential energy contour lines for a He atom near the grain boundary (depicted in fig. 
1) containing four He atoms. 
bottom of the computational cell three planes were kept in their starting 
configuration. Two different low angle grain boundary structures were consid- 
ered: (a) a simple [lOO] edge dislocation and (b) a pair of stacked $(lll) edge 
dislocations. The atomic configuration of the grain boundaries (a) and (b) are 
depicted in figs. 1 and 2, respectively. 
After the atomic configuration of the grain boundary had been determined 
the potential energy of a He atom was calculated for a grid of positions 
separated by steps of 0.2 A within a block around the boundary. This allowed 
the unrelaxed positions of the atom possessing minimum potential energy to be 
found. (see, for example, figs. 3 and 4.) 
By relaxing the lattice now containing the He atom, the total energy of the 
lattice EHecB was calculated and compared with the total energy of the relaxed 
6 
Fig. 4. Projection of the potential energy surface correspanding tothe equipotential energy contour 
lines of fig. 3, 
atomic c~~f~gurati~n without an atom. This procedure was repeated as further 
He atoms were added, allowing the binding energy of successive He atoms (i.e. 
the energy released in the reaction He + {HeGB),_, -+ (HeGB),) to be calcu- 
lated from the equation: 
where EF(He) is the c~nf~gurat~~na1 energy of an interstitial helium in a perfect 
lattice (4.9 eV>. 
For the calculations made so far, up to n = 10, the binding energies were 
found to be = 5 eV for case (a), quite close to the He-vacancy binding energy 
if the same interaction potential is used, and “- 2 eV for case (b). This latter 
value is closse to the binding of He to a ~~II~}~l~O~ edge dislocation in MO 
(2.1 ev) 171. 
It is interesting that for case (a) relevant o the present work the binding is 
rather high - because of the relatively hollow dislocation core - and readily 
explains why the He atoms are initially trapped rather than being lost by pipe 
diffusion. However, besides this essential first step to the observed cavity 
formation, the c~nf~gurat~~na~ det ils of the helium trapping are of interest. At 
the /I#] grain boundary dislocation the helium atoms clustered on the 
dilatational side in a column-like way to give a platelike precipitate. In 
contrast, the helium cluster in case (b) surrounded the dislocation core and 
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thus looks more like a bubble nucleus. Further work in progress will examine 
the evolution of the cluster shapes upon adding more helium atoms. 
2.2. Coincidence twist boundary (2 = 19) in fee Al 
We have studied coincidence twist boundaries (2 = 7, 2 = 13, Z = 91, 
,X = 19) applying a Fourier analysis of the atomic configuration after relaxa- 
tion. As a typical example we present results of a study on the relaxation of 
2 = 19, 46.83°,‘(111) coincidence twist boundaries in fee metals. The Fourier 
components are located at the reciprocal lattice points of the coincidence site 
lattice (CSL) associated with the boundary. The resulting configuration can be 
conveniently visualized and discussed from a suitable plot of the components 
of the density in k space (where k represents the wave vector). 
For the coincidence type boundary under investigation the original block of 
atoms is a geometrically constructed bicrystal corresponding to the chosen 
value of 2 = 19, 46.8’/[111]. The simulated part of the crystal consists of 
twelve (111) lattice planes. Fixed boundary conditions were applied in the 
z-direction (perpendicular to the grain boundary) in the sense that on the top 
and bottom of the computational cell two planes were kept in their starting 
configuration. We first allowed for a rigid translation. In directions parallel to 
the grain boundary periodic boundary conditions were used. The repeat 
distance was at least twice the repeat distance of the CSL. 
In our study we have applied two completely different sets of potentials for 
Al: Lennard-Jones 6-12 potential based on the sublimation energy for 
aluminium [8] and a screened pseudopotential of Al [9]. The Lennard-Jones 
potential represents the first attempt to incorporate the volume dependent 
terms into an empirical pair-potential. At large distances, the forces fall off as 
the seventh power of the distance, simulating the behaviour of Van der Waals 
forces between closed-shell atoms. As a result, this potential is particularly 
suited to describe rare gas solids, although not metals. In that sense, the 
Lennard-Jones potential we used is rather a mathematical representation of Al 
rather than a physical description. Nevertheless, we do not expect the qualita- 
tive phenomena such as the existence of coupled sliding and migration in a 
simulation to be very sensitive to the potential. On the other hand, structural 
details may well depend on the potential [lo]. 
As has been pointed out in the introductory section, atomic relaxations in a 
grain boundary are usually analysed in terms of: (i) a rigid translation of the 
crystals along the boundary plane and (ii) shuffling of atoms in the boundary 
area. Using convergent beam electron diffraction, it has recently been found 
possible [2] to determine bicrystal symmetry and consequently it is of interest 
to investigate the effect of atomic relaxation on the symmetry in computer 
simulation studies. Whereas simple rules exist for the change in point symme- 
try of the dichromatic pattern associated with the superimposed lattices of the 
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Fig. 5. Projection along [I 111 of the two (111) lattice pianes next to a B = 19 twist boundary (units: 
half lattice constants). 
crystals due to rigid translations [ll], the effect of shuffles is more complicated. 
The latter type of relaxation may either alter the point symmetry of the 
dichromatic pattern or leave the symmetry invariant. Therefore, the combined 
effect of both types of relaxation should be investigated, either in real space or 
in reciprocal space. Conversely, because both types of relaxation have to be 
coupled in computer simulations, it is of interest to decompose the resuhing 
atomic relaxation into the individual contributions of rigid translations and 
shuffles. Because the atomic displacements in a boundary are frequently quite 
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small, we found it useful to analyse the displacements in reciprocal space. 
Since generally the displacements decrease rapidly in the z-axis (the z-axis 
being normal to the boundary) the analysis was restricted to the projected 
boundary structure along the z-axis, corresponding to the plane k, = 0 in 
reciprocal space. 
In fig. 5 the relaxed projected configuration for a 22 = 19 twist boundary is 
depicted. The Fourier coefficients A, of this structure were calculated accord- 
ing to: 
A, = 2, exp(ik - );), 
where ‘; is the position vector of thejth atom. The sum runs over all atoms of 
one (or more) (111) lattice planes close to the boundary plane. A plot of IA, 1 
for the two (111) lattice planes adjacent to and on opposite sides of the 
boundary immediately reveals whether the structure of the unrelaxed config- 
uration becomes modulated, i.e. whether shuffles occur in these planes due to 
relaxation (fig. 6). If only a rigid translation occurred, peaks would be 
exclusively located at the individual reciprocal lattice points of the two (111) 
lattice planes with no satellite peaks present (a similar result holds if only one 
lattice plane is analysed). This is because a rigid translation merely changes the 
origin of one of the lattice planes involved in obtaining fig. 6. The density map 
in fig. 7 illustrates the location and magnitude of the satellite peaks around the 
main peaks displayed in fig. 6. To demonstrate the usefulness of plots like fig. 
7, the X = 19 boundary has also been investigated using a different potential, 
as shown in fig. 8. It is clear from these plots that the contribution of shuffling 
during relaxation is different for at least these potentials used, whereas the 
corresponding projected atomic structures hardly showed any differences in 
real space representation. 
Fig. 6. Fourier transform of the density within the two (111) planes next to and on opposite sides 
of a I: = 19 twist boundary (k,/k, = l fi). 
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Fig. 7. A representation of contour lines of the Fourier transform of the density depicted in fig. 6. 
From fig. 7 the point group of the k, = 0 structure can be seen to be 6mm 
whereas the projected grain boundary structure in fig. 5 has 3m symmetry. The 
difference corresponds to the addition of a centre of symmetry in fig. 7 caused 
by the use of JA,(, i.e., fig. 7 displays the Laue symmetry of the projected grain 
boundary structure. The correct point group in reciprocal space, corresponding 
to the point group of the projected boundary in fig. 5, is obtained from a plot 
of A,. 
So far only the relaxation of the two lattice planes nearest to the grain 
boundary has been taken into account in the analysis. This does not necessarily 
correspond to the symmetry of the full projected boundary structure, as may 
be seen for example in the unrelaxed H = 57, 13.2’ (111) twist boundary in fee 
metals, with the dichromatic pattern in the CSL configuration. In this case, the 
symmetry corresponding to fig. 5 is either 3m or 6mm depending on the 
J. ?%.M. de Hosson et al. / Computed struczure of grain boundaries 
location of the boundary plane in the CSL. However, the latter symmet~ 
reduces to 3m if the full projected boundary structure is taken into account. 
thus, in general, Fourier analysis of a sufficient number of lattice planes 
parallel to the boundary is necessary in order to obtain the correct symmetry 
of the projected boundary structure (for the boundary in fig. 5 no such changes 
did occur). 
3. Discussion 
The accuracy of the potentials used to determine the interaction between 
atoms is essential to the success of a computer experiment. In principle, one 
should be able to construct an exact picture of the grain boundary structure 
provided that the appropriate potential is accurately known. The generation of 
interatomic interaction functions is a source of continuing difficulty in these 
calculations and is an area of major concern in the field of computer simula- 
tion for materials applications. At present, the difficulty of deriving potentials 
which are both appropriate as far as computation is concerned and reliable 
with respect to the physical model, represents the weakness in the applicability 
of computer experiments to materials science in a quantitative sense. Further, 
it should be emphasized that the metal-metal potentials used are actually 
derived based on the behaviour of a perfect lattice. It might be questionable 
whether its use could be extended beyond the scope for which it was originally 
designed, namely in imperfect lattices containing grain boundaries. At any 
rate, the experimental finding of trapping of He at a low angle tilt boundary in 
MO is supported qualitatively by atomistic calculations. Moreover, elasticity 
calculations indicate the stability of cracked (100) dislocations when subjected 
to uniform remote tension [12.1]. 
Concerning the second part of this paper (section 2.2), it has recently been 
shown [2,13] that the technique of CBED is capable of producing detailed 
symmetry information of bicrystals. Using this method the point group associ- 
ated with the dichromatic pattern of the crystals can be determined. The point 
group of the bicrystal is a subgroup of the dichromatic point group [ll] and 
depends on the state of translation at the boundary. This method yields 
structure information of boundary areas of the order of 20 nm in size. 
However, since shuffles may also modify the symmetry, it is clearly important 
to analyse the symmetry of computed boundary structures, for example in the 
way suggested above. 
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